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CoUision-induced dissociation (CIO) methods are described for the quantification of nanogram per millilitre (ppb) 
CDncentratioos of 2-acetaniid(>-3^3'-bydroxypropyltbio)-propanoic acid (1) and 2-acetainjdo-3-pbenyllhiopTopanoic 
acid (II) in buman urine extracts. I and II are potential detoxification products of acrolein and benzene in conjuga¬ 
tion with A'-acetyK-L-lcysteine derived from glutathione. We bare studied the potential of tandem mass spectrom¬ 
etry (MS/MS) under electron impact (El) and chemical ionization (Cl) conditions as a confirmatory screening 
technique for these compounds. Our main goals were high selectivity and low detection limits along with little or no 
sample clean-up. The efiects of the mode of ionization and of collision conditions on the CID spectra have been 
investigated. Direct insertian probe without any derivatization or short-column gas chromatographic separation 
techniques are used. Total instrument and data analysis time is about IS min for direct insertion probe MS/MS and 
about 30 min for short-column gas chromatography (GC)/MS/MS. Detection limits are: direct insertion probe 
MS/MS (El mode), SO ppb (100 pg) for compound I; short-column GC/MS/MS (El mode), 1.5 ppb (5 pg) for 
compound lit and short-column GC/MS/MS (Cl mode), 0.6 ppb (2 pg) for the methyl ester of compound II. 
Results are compared with non-mass spectrometric methods. The MS/MS methods were applied for the determi¬ 
nation of I (El mode) and II (Cl mode) in urinary samples of a smoker and eight non-smokers. After smoking, the 
urinary levels of I and II were elevated, whereas no increase was observed after experimental passive smoking. 


INTRODUCTION 


Thioether conjugates of drugs, compounds in cigarette 
smoke, pesticides and environmental chemicals are of 
analytical interest since they are produced from the 
reaction of short-lived electrophilic metabolites with the 
tripeptide glutathione (GSH = g-Glu-Cys-Gly). Three 
different reaction types can occur; (i) substitution; (ii) 
ring opening of an epoxide formed from the xenobiotic; 
(iii) Michael addition to a double bond. The products 
are subsequently metabolized by the sequential loss of 
the glutamic acid residue, removal of the glycine residue 
and A/-acety!ation of the remaining S-substituted cyste¬ 
ine. Generally these hydrophilic JV-acetyl(-L-)cysteine 
derivatives (mercapturic acids) are excreted in urine, 
whereas bile and faeces often contain GSH, cyste- 
inyiglycine and cysteine conjugates.^”* 

For the quantitative detection of mercapturic acids in 
urine, several analytical methods have been devel¬ 
oped.®”® A variety of ionization techniques have been 
used in the mass spectrometric determination of these 
compounds, including electron impact (El), positive and 
negative chemical ionization (Cl), field desorption, fast 
atom bombardrnent, thermospray, and plasma desorp- 
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tion ionization techniques. In these studies clean¬ 
up procedures involve several solid-phase and 
liquid-liquid partitioning steps and adsorption column 
clean-up. Generally, in gas chromatographic analysis 
derivatization steps (silylation, esterification) for the 
high-polar substances are necessary. These procedures 
have a high level of complexity and the number of steps 
increases the probability of analyte loss. 

In tandem mass Spectrometry (MS/MS) the first mass 
analyser serves as a separation unit and therefore 
mixture analysis is possible with little or no sample 
clean-up. For the application of this technique in the 
selected reaction monitoring (SRM) mode the fragmen¬ 
tation behaviour of the compounds studied should be 
known. Recently the availability of MS/MS with its 
increased selectivity has prompted renewed interest in 
direct insertion probe mass spectrometry^® and short- 
column gas chromatography/mass spectrometry (GC/ 
MS).^i 

In this report, we describe rapid screening methods 
for the quantification of (i) 2-acetamido-3-{3'-hydroxy- 
propylthio)propanoic acid (3-hydroxypropyl- mercaptu¬ 
ric acid) by direct insertion probe MS/MS (El 
mode), (ii) 2-acetamido-3-phenylthiopropanoic acid 
(phenylmercapturic acid) by short-column GC/MS/MS 
(El mode), and (iii) 2-acetamido-3-phenylthiopropanoic 
acid methyl ester (phenylmercapturic acid methyl ester) 
by short-column GC/MS/MS (Cl mode) in human 
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urine extracts. Using all these methods no sample clean¬ 
up is needed. 


EXPERIMENTAL 


Chemicals 

Mercapturic acids have the generalized structure 
Rj-S-Rj, where Rj is the xenobiotic moiety and S-R 2 
stems from the conjugating group (iV-acctyl{-L-)cysteine 
conjugates). The following mercaptuiic acids were syn¬ 
thesized as reported previously;^*"^* 2-acetamido-3- 
methylfhiopropanoic add {methylmercapturic acid); 2 - 
acetamido-3-(3'-hydroxypropyIfhio)propanoic acid (3- 
hydroxypropylmercapturic acid); 2 - 3 cetamido- 3 -phenyI- 
thiopropanoic acid (phenylmercapturic acid). The 
methyl esters were prepared with diazomethane accord¬ 
ing CO standard procedures. Methyl cinnamate was pur¬ 
chased from E. Merck (Germany). 


Extraction 

Human urine (150 ml) was addihed with 6 M hydro¬ 
chloric add to pH 2. An internal standard was added 
and the urines were extracted for 40 h with 180 ml ethyl 
acetate at room temperature.^’ Two to four microlitres 
of the extract were used without any preparation for 
direct insertion probe MS/MS or for short-column GC/ 
MS/MS. Calibration standards were prepared by 
spiking human urines free of raercapturic acids. The fol¬ 
lowing internal standards were applied: methyl cin- 
namaCe (MC) for the analyses of 3-hydroxy- 
propylmercapturic acid; and methylmercapturic acid 
for the analyses of phenylmercapturic add. 


Mass spectrometry 

All MS/MS analyses were carried out on a Finnigan 
MAT HSQ 30 hybrid tandem mass spectrometer {BEqQ 
configuration) coupled on-line with a DEC PDP 11/24 
computer (data system SS300).’^ 

El conditions. El ionizatiou 70 eV, electron current 1 
mA, acceleration voltage 3 kV, ion source temperature 
180-250 °C, resolution of the BE 1000-2000 (10% 
valley). 

Cl eandition!!. Electron cunent 0.2 n\A, ion source tem¬ 
perature 80 °C, ammonia reactant gas pressure 0.3 
mbar. fon source temperature and reactant gas pressure 
were optimized for SRM. 

CID cDddidons. Collision gas argon, collision gas pres¬ 
sure between 35% and 50% of the incident ion beam 
intensity, collision energy 30-45 eV, analyser quadru- 
pole offset 6-15 V. 

Direct insertion probe (DIP). Gold crumbles heated to 
250 "C at I0°Cs-L 


Short-column GC 

For GC separation a Carlo Erba Fractovap 4200 was 
used with a Chrompack solid injector, injector tem¬ 
perature 280 °C, and carrier gas He. For the acids a 
Rcstek Stabilwax-DA fused-silica bonded-phase capil¬ 
lary column (6 m X 0.32 mm i.d., 0.1 pm film thickness) 
and for the methyl esters a J&W DB-5 fused-silica 
bonded-phase capillary column (6 m x 0.25 mm i.d., O.l 
pm film thickness) was inserted directly via a butt con¬ 
nector into the ion source. The GC/MS interface was 
held at 290 °C. For acids and methyl esters the GC oven 
was heated from 150 to 280“C at 30°C min"' and from 
60 to 280 °C at 30 °C min "respectively. 

Effects of collision energy and collision cell pressure on 1 
product ion spectra ’ 

t 

Information about the effect of collision energy, the ’ 
nature of the collision gas, and the collision gas pressure 
on formation of product ions is needed to determine ? 
optimum conditions for SRM analysis. The efficiency of ; 
product ion formation in MS/MS depends on the ion¬ 
ization mode, the collision energy, the nature of the col¬ 
lision gas, the number of collisions (target thickness), ! 
and the radio frequency (RF) voltage. For the opti¬ 
mization we have taken a systematic approach by 
varying collision energies under specific pressures so 
that the optimum conditions could be established. 

Compound II was introduced via the direct insertion 
probe inlet into the El ion source. Full-scan tandem 
mass spectra were obtained by setting the magnetic field 
to transmit mjz 180 ions to the collision region. The ^ 
second mass analyser was scanned over a mass range of 
30-185 u at a scan speed of 10 s for a given collision 
energy. Collision energies (energy in the laboratory 
frame = £, 3 ^) were varied from 5 to 50 eV in 5 eV steps. 
Argon pressure was varied between 6 x 10"’ and 
6 X 10 "^ mbar, as read outside the collision cell on the 
ion gauge. The ion current at mjz 180 was set to a con¬ 
stant value on the first mass analyser to determine the 
reproducibility of the measurements- 
Figure lA shows the product ion abundances (parent 
ion mjz 180) under each set of CID conditions studied. , 
A rise in the collision ceil pressure between 6 x 10 ’ 
and 1 X 10 " ’ mbar increases total product ion current. 

As a consequence of scattering effects at a collision cell 
pressure of 6 x 10 "^ mbar a decrease in the intensities 
was observed. The fragmentation of the parent ion is ' 
mote dependent on the collision cell pressure than on 
the collision energy. The absolute intensities of the 
product ions mjz 135, mjz 103 and mjz 94 (Fig. IB and ■ 
1C) show that the best conditions for SRM are at a 
collision gas pressure of 6 x 10 "® mbar (plateau i 

between £, 5 ,^ = 20 and 30 eV). The collision energy 
optimum increases to 40 eV at 1 x 10 ® mbar. At this , 
pressure the intensity of the mjz 103 also increases. 
However the mjz 135 and mjz 94 values, also useful for . 
SRM, decrease. In addition the collision energy 
optimum is smaller. 

The transmission through the second mass analyser ^ 
depends on the energy of the ions. Therefore the 
product ion energies (offset) were also adjusted to ^ 
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Figure 1 . Effects of collision energy and argon pressure on the formation of the [M - acelamide] * product ions of II. 


obtain the maximum intensities. The effect of the offset 
voltage on the formation of the product ions of com¬ 
pound n at optimum collision energy (25 eV) and colli¬ 
sion gas pressure (6 x 10"® mbar) was investigated. The 
maxima for the three product ions used for SRM are 
found between S and 10 V offset. 

The results show that small variations in the collision 
energy and collision cell pressure have no critical effects 
on the intensities of product ions because of a broad 
plateau. Generally, it is not suffirient for collision 
energy' and collision pressure optimization to attenuate 
the main beam of ions from perfiuoroketosene (PFK) to 
50%. Specific optimization measurement should always 
be done for the MS/MS analysis at trace levels (ppb, 
PPt)- 


RESULTS AND DISCUSSION 


2-Acetamido'3-{3'-hydroKypropj’lthio)propanoic acid 

(3-hydroxypropylmercaptnric add; I) 

Compound I is an important metabolite of acrolein (a 
compound present in cigarette smoke) in the human 
body. Under BI conditions I gives a small molecular ion 
{20% of the base peak); therefore the molecular ion at 
m/z 221 is not useful for SRM (Fig. 2A). An. intense 
peak in the spectrum is m/z 162. As high resolution 
shows, it is due to two different ions; [CsHiqOjS]"'" 
(loss of acetamide from the molecular ion) and 
[CjHgOjNS]"^ (loss of R'l from the molecular ion). 
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59 162 M*i62 




Figure 2. A, C: El mass spectra of I and MC (Internal standard); B, D: CID spectra of precursor ions m(z 162 (I) and of 11101001113/ ion /»/? 
162 (MC) used for SRM. 


The intensity ratio of these ions is 5:1. Figure 2B shows 
the low-resolution CID spectrum of m/z 162 with the 
intensive product ions at m/z 144 [C 6 Hg 02 S]'^', m/z 99 
[CjHjS]"'' and m/z 58 These three reac¬ 

tions were chosen for SRM. By monitoring the detector 
signal when the BEqQ was set to pass ions from these 
decompositions, a selective and sensitive screening 
method was obtained. To provide optimum sensitivity 
for the quantitative CID analysis of I a collision energy 
of 45 eV and a collision pressure of 1.5 x 10"® mbar 
(measured outside of the collision cell) were used. 
Methyl cinnamate (MC) was used as internal standard 
because it has the desired evaporation characteristics 
and is isobaric with the mercapturic acid fragment ion 
at m/z 162, simplifying the switching of the mass 
analysers during SRM (Fig. 2C). Figure 2D shows the 
product spectrum of the molecular ion at m/z 162 of 
MC. The reaction monitored was the loss of OCH 3 ' to 
mjz 131. 

For the quantitative determination of I in human 
urine direct insertion probe was used. No sample clean¬ 
up was necessary. Under the conditions used, the inter¬ 
nal standard is slightly more volatile than the 
mercapturic acid, resulting in different evaporation 
time. 

A calibration curve was established by addition of 
various amounts of compound 1 and internal standard 
to human urine extracts free of 3-hydroxypropylmer- 
capturic acid (0-8000 pg of I and 2000 pg of MC). 


Response is linear, with a correlation coefficient of 
r = 0.991 (Fig. 8 A). The reciprocal of the slope of the 
line gives the response factor (r.f.) of the analyses: 
r.f. = 0.97. The limit of detection (signal-to-noise 
ratio = 3) is 100 pg for compound I. This is equivalent 
to 50 ppb with respect to human urine. Reproducibility 
for successive analyses was acceptable, indicating that 
the probe tip can be loaded accurately. Various 
amounts of I and MC were tested and the coefficient of 
variation was 17%. The analysis time was 40 h for urine 
extraction and 4 min for MS/MS analysis, using the 
temperature vaporization profile described above. 

Figure 3 shows SRM ion current profiles of 2 pi 
human urine extracts containing 500 pg of compound 1 
and 2000 pg of MC. It clearly demonstrates the feasi¬ 
bility of rapid screening for I in human urine extracts. 

2-Acetamtdo-3-phenylthiopropauoic acid 
(phenylmercapturic acid; II) 

In addition to the conversion of benzene to phenol 
(major metabolic pathway) glutathione is involved in 
the metabolism of benzene.^-^ Compound II (Fig. 4A) is 
the end-product of the glutathione conjugation 
pathway. The urinary excretion of II is considered to be 
an indirect measure of exposure to benzene. 

Because of the low molecular ion intensity (20%) in 
the El mass spectrum of II (Fig, 4A), the fragment ion at 
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Figure 4. A, C: El mass spectra of compound il and MMA (internal standard): B, D; low-resolution CID spectra of precursor ion m /2 180 
(II) and of molecular ion m/a 177 (MMA) used for SRM. 
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capturic acid (0-1000 pg of II and 500 or 1000 pg of : 

MMA). The correlation coefficient of the calibration [ 

line is r = 0.996, the r.f. = 0.97, and the limit of detec¬ 
tion (signal-to-noise ratio = 3) 5 pg of compound n, ^ 
equivalent to 1.5 ppb with respect to human urine. The 
coeEBcient of variation is 14.5%. The analysis time is 40 t 
h for urine extraction and 25 min for MS/MS analysis. 

2-Acetamido-3-phenyithiopropanoic acid methyl ester 
(phenylmercapturic acid methyl ester; III) 

Taking into account the low concentrations of phenyb \ 
mercapturic acid in human urine extracts, we have I 
established a further screening method using soft ioniza¬ 
tion techniques. Different Cl conditions including ion ' 
source temperature, reactant gas pressure, and nature of 
the reactant gas (methane, isobutane and ammonia) 
were tested for the analysis of phenylmercapturic acid 
(11) but good results could not be achieved. Therefore a 
derivatization step (esterification by diazomethane) was 
included. Figure 6 shows the ammonia Cl mass spec¬ 
trum of III and the CID spectrum of the [MH 
■fNHj]''' adduct ion at mjz 271. Methylmercapturic 
acid methyl ester (MMME) was used as an internal 
standard and the reactions monitored were the loss of 
ammonia from the adduct ions of III and MMME. 

For the quantitative determination of phenylmercap¬ 
turic acid in human urine extracts short-column GC/ 
MS/MS was applied after an esterification step with 
diazomethane. The calibration curve was established by 
addition of various amounts of II (0-200 pg) and MMA 


(Irrtens,) 



Figure 5. Human urine extract (4 gl) containing 5 pg II and 1000 pg MMA. A: reconstructed ion chromatogram (RIC); B-E: SIM mjz 239, 
180,177,11B: F-H; SRM 180+ -135b 180+-103+ {II); 177+ —118+ (MMAinternal standard). 


mjz ISO (base peak) was used for SRM. Ion mjz 180 
[CjHgOjS]^' is formed from the molecular ion by loss 
of acetamide. The product ions used for SRM are mjz 
135 [CsHtS]-" and mjz 103 with inten¬ 

sities of 90% and 95% of the precursor ion, respectively 
(Fig. 4B). Collision energy of 30 eV and a collision gas 
pressure of 5 X 10 mbar (measured outside of the col¬ 
lision cell) were used to provide optimum sensitivity for 
the SRM analyses. Methylmercapturic acid (MMA, Fig. 
4C) was used as internal standard and the reaction 
monitored was the loss of acetamide from the molecular 
ion {mjz 177 mjz 118, Fig. 4D), 

In contrast to the determination of compound I, in 
the analysis of II a certain degree of chromatographic 
separation of the mercapturic acid from other sub¬ 
stances occurring in the urine extract proved to be 
necessary. Therefore short-column GC/MS/MS was 
applied. Using the temperature program described, 
retention times were 5 min 50 s for n and 3 min 25 s for 
the internal standard. 

Figure 5 shows the high selectivity and sensitivity of 
the short-column GC/MS/MS method. Human urine 
extract (4 pi) containing 5 pg of compound 11 (1.5 ppb) 
and I ng of MMA had been injected. Selected ion moni¬ 
toring (SIM) using different ion current traces (B-E) is 
compared with SRM (F-H). The low level of back¬ 
ground interference encountered using the MS/MS 
method is clearly demonstrated. 

The calibration curve (Fig. 8B) was established by 
addition of various amounts of compound 11 and inter¬ 
nal standard to human urine extracts free of phenylmer- 
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Figure 6. A. C; NHj-CI mass spectra of compound III and MMME (internal standard); B, D: low-resolution CID spectra of adduct ion mjz 
271 (III) and mA 209 (MMME) used for SRM, 


(200 pg) to human urine extracts free of phenylmeroap- 
turic acid and subsequent esterification. The correlation 
coefficient of the calibration tine is r = 0.995 and the 
r.f. = 2.1 (Fig. 8C). The limit of detection (signal-to- 
noise ratio = 3) is 2 pg of compound 11, equivalent to 
O.d ppb with resptect to human urine. The coefficient of 
variation for this method was 21.5%. 

The analysis time is 40 h for urine extraction and 20 
min for MS/MS analysis. Retention times were 3 min 20 
s for m and 1 min 40 s for the mtemal standard. SIM 
and SRM ion current traces of 4 pi human urine extract 
containing 2 pg III (concentration at the detection limit) 
and 200 pg internal standard are represented in Fig. 7. 
Here again the superiority of SRM to SIM is obvious. 


LEVELS IN HLTMAN URINE WITH AND 
WITHOUT EXPOSURE TO TOBACCO SMO KE 


or passive smoking took place, and during 24 h after 
start of the exposure session. Detection of I was per¬ 
formed in El mode and of U in Cl mode. The smoker 
excreted 795 pg I per g creatinine before the smoking 
session and 2270 pg 1 per g creatinine after smoking 34 
cigarettes in 9 h. The corresponding values for com¬ 
pound II were 25 and 195 jtg per g creatinine. The exc¬ 
retion rates of I and n in non-smokers showed high 
inter-individual variability. Without tobacco smoke 
exposure the average excretion of I was 285 (range: 
8-637) pg per g creatinine (four samples). After experi¬ 
mental passive smoking for 9 h the average excretion of 
I was found to be unchanged at 246 (6-644) pg per g 
creatinine (eight samples). For compound 11 the average 
excretion rate was 10 (1-22) pg per g creatinine (five 
samples) before passive smoking and 15 (1-47) pg per g 
creatinine (eight samples) after passive smoking. This 
difference is statistically not significant. 




11 

ij 

i 


I; 


The mercapturic acids I and n were determined by 
MS/MS in urine samples of eight non-smokers and one 
smoker who participated in a controlled exposure 
study. The protocol of the study has been described 
elsewhere.^* Briefly, eight non-smokers spent 9 h in a 
poorly ventilated room (45 m^) together with three 
smokers, who smoked in total 102 cigarettes, so that the 
carbon monoxide level in the room air was main¬ 
tained at about 10 ppm. Urine samples were collected 
during the 12 h preexposure period, when no smoking 


CONCLUSION 


The paper presents rapid screening methods for N- 
acetyl(-L-)cysteine derivatives (mercapturic acids) in 
human urine extracts using SRM, Results of quantitat¬ 
ive analyses are compared with the respective values of 
a GC/FPD (Flame photometric detection) method^ ^ 
(Tables 1 and 2). A detection limit of 50 ppb was 
obtained for the analyses of 3'hydroxypropyJ- 
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Figure 7. Human mine extract {4 ^1] eontaintng 2 pg III and 200 pg MMME: A; reconstructed ion chromatogram (RIC); B, Ct SIM m/z 
271. 209; D, E: SRM 271 * -r 254* (III); 209* -»192* (MMME Internal standard). 


mercapturic acid using direct insertion probe El 
MS/MS. Considerable time-saving was achieved com¬ 
pared with analysis by GC/FPD as no clean-up of urine 
extracts was required. A detection limit of 1.5 ppb was 
obtained for the analysis of phenyLmercaptaric acid 
using short-column GC/EI MS/MS. The detection limit 
was further reduced to 0,6 ppb by employing short- 
column CtC/CI MS/MS. monitoring the loss of 
ammonia from [MH + NH 3 ]‘^. In comparison with the 
GC/FPD methods the limit of detection was three times 
lower for S-hydroxypropylmercapturic acid using direct 
insertion probe El MS/MS and 6 or 16 times lower for 
the phcnyimercapturic acid using El and Cl short- 
column GC/MS/MS, respectively. The described 


Table 1. DetecmiiiatiaQ of compound 1 in 
human urine extracts; MS/MS method 



m camparison tci a GC/FPD 

metfaod 


MS/MS 

meihod 


coeff. 

GC/FPD 


^ppb) mean 

sd 

variation 

method* 

Sampts 

fn=3) 

(ppS) 


tPPU) 

1 

123 

25 

20 

110 

2 

324 

64 

19 

no 

3 

577 

80 

14 

230 


“ The lower values in comparison with the MS/MS 
method are due to losses of compound t during 
sample clean-up. 


TaMe 2. Determiaation of compound II in 
human mine extracts: short- 
column GC/EI MS/MS, short- 
column GC/Cl MS/MS and 
GC/FPD in comparisan 



El meihod 

Cl meihod^ 

GC/FPD 


eppb) mean 

(ppb) mean 

mcthod**“ 

Samota 

(n = 3) 

(" = 3) 

(ppb) 

1 

<1.5 

0.8 

30 

2 

5 

5 

<10 

3 

28 

21 

<10 

•The 

lower values 

in comparison 

with the 

MS/MS msthod are 

due to losses 

of com- 


pound II during sample clean-up. 

Measured as comF>ourtd III; equivalents of 

II. 

'The higher values in comparison with the 
MS/MS method are due to interferences by 
other S-terminated substances. 


methods were applied to real samples. I and H were > 
determined in urine samples of a smoker and some 
non-smokers. The smoker’s urinary levels of 3- , 

hydroxypropyhnercapturic acid and phenyhnercapturic 
acid were elevated during the smoking period. , 
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Figure 8. SRM calibration lines for unconcenlrated human urine extracts spiked with A: I; B: II; C: ill. area under ion 

current trace for metabolite and internal standard; : amount (pg) of evaporated metabolite and standard. 
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